Aminotetrazole compounds have become attractive ingredients in gas generating compositions, solid rocket propellants, and green pyrotechnics. Therefore, a fundamental understanding of their thermal decomposition mechanisms and thermodynamics is of great interest. In this study, the specular reflection isopotential searching method was used to investigate the unimolecular decomposition mechanisms of 5-iminotetrazole (5-ITZ), 1H-5-aminotetrazole (1H-5-ATZ), and 2H-5-aminotetrazole (2H-5-ATZ). Subsequent thermochemical analysis of the unimolecular decomposition pathways was performed at the CCSD(T)/aug-cc-pVTZ//B3LYP/6-311++G(3df,3pd) level of theory. Based upon the relative reaction barriers predicted in this study, the initial gaseous products of 5-ITZ unimolecular decomposition are HN 3 and NH 2 CN (calculated activation barrier equal to 199.5 kJ/mol). On the other hand, the initial gaseous products of 1H-5-ATZ and 2H-5-ATZ unimolecular decomposition are predicted to be N 2 and metastable CH 3 N 3 (calculated activation barriers equal to 169.2 and 153.7 kJ/mol, respectively). These predicted unimolecular decomposition products and activation barriers are in excellent agreement with thermal decomposition experiments performed by Lesnikovich et al. 
Introduction
Aminotetrazoles are a novel class of organic compounds that possess a wide range of desirable chemical and physical properties. Aminotetrazoles have the highest nitrogen content of all organic compounds. For example, 5-aminotetrazole (5-ATZ) and its tautomer 5-iminotetrazole (5-ITZ) ( Figure 1 ) possess 82.3% nitrogen by weight. 5-ATZ also exhibits high thermal stability. 1 Because of its high nitrogen content and thermal stability, 5-ATZ is frequently used as an ingredient in gas generating compositions [2] [3] [4] [5] [6] and solid rocket propellants. 7, 8 In addition, 5-ATZ is now being used as a starting material for the synthesis of green pyrotechnics, which are based upon tetrazole derivatives. 9 Because of its importance as an ingredient in gas generating compositions and solid rocket propellants, the thermal decomposition of 5-ATZ has been investigated by several experimental groups. Brady 10 investigated the electron impact-induced fragmentation of 5-ATZ and suggested two routes to decomposition: (1) splitting of 5-ATZ to cyanamide (NH 2 CN) and hydrogen azide (HN 3 ) and (2) elimination of N 2 with the formation of a metastable CH 3 N 3 product. Reimlinger 11 observed HN 3 in the thermal decomposition of 5-ATZ, but NH 2 CN was not isolated and detected. Using a rapid-scan Fourier transform infrared (FTIR)/temperature profiling method and T-jump/FTIR spectroscopy, Brill and co-workers 12, 13 measured HN 3 and NH 2 CN as the initial primary gaseous products of 5-ATZ thermal decomposition. Levchik et al. 1 and Lesnikovich et al. 14 investigated the thermal decomposition of 5-ATZ, paying close attention to the role of 5-ATZ/5-ITZ tautomerism which had been previously identified in the solid state by vibrational spectroscopy. 15 , 16 Levchik et al. 1 determined that their initial sample of solid 5-ATZ consisted primarily of the imino form, 5-ITZ. However, thermal treatment resulted in an increased proportion of the amino form, 5-ATZ. IR spectroscopy and mass spectrometry showed that 5-ITZ thermal decomposition started immediately after melting and resulted in HN 3 and carbodiimide (NHCNH), which likely isomerizes into NH 2 CN. 1, 17 Increasing the temperature further led to another thermal decomposition pathway involving 5-ATZ, namely, the formation of N 2 and a metastable CH 3 N 3 product. 1 The apparent activation energies for these two thermal decomposition pathways were estimated to be approximately 200 and 150 kJ/mol, respectively. 14 Progress has been made in applying computational approaches to elucidating the thermal decomposition mechanisms of substituted tetrazole compounds 18 and their relative impact sensitivities. 19, 20 Wang et al. 18 used ab initio molecular dynamics (AIMD) simulations and quantum chemical methods to investigate the decomposition mechanisms of 5-nitro-1-H-tetrazole. AIMD simulations revealed three possible unimolecular decomposition pathways that lead to the release of N 2 .
18 ZhaoXu and co-workers 19, 20 used density functional theory and semiempirical methods to analyze sensitivity and the activation barrier of ring opening for a series of C-and N-substituted tetrazole compounds, and additionally performed an analysis of the heats of formation of a large series of tetrazole derivatives at the B3LYP level of theory. 21 Cheng used a variety of quantum chemical methods to investigate the synthesis of tetrazole and the tetrazolate anion. 22 Zhang et al. 23 investigated the thermodynamics and kinetics of 5-ATZ unimolecular decomposition, using a variety of quantum chemical methods. Following the experimental work performed by Levchik et al. 1 and Lesnikovich et al., 14 Zhang et al. 23 investigated the formation of HN 3 and NH 2 CN resulting from the thermal decomposition of 5-ATZ, but not its tautomer 5-ITZ. Furthermore, Zhang et al. 23 did not investigate the unimolecular decomposition pathway of 5-ATZ leading to the formation of N 2 and a metastable CH 3 N 3 product, which had been previously identified experimentally. 1, 10, 14 Therefore, a need clearly exists to further investigate the mechanisms and thermodynamics of 5-ATZ and 5-ITZ unimolecular decomposition, using quantum chemical methods.
The objective of this study was to investigate the mechanisms and thermodynamics of the unimolecular decomposition pathways of 5-ATZ and its tautomer 5-ITZ. Both the 1H and 2H tautomers of 5-ATZ were investigated, as the energetics of this tautomerization has been the subject of much debate within the literature. The mechanisms of 1H-and 2H-5-ATZ and 5-ITZ unimolecular decomposition were revealed by isopotential searching (IPS). IPS methods are suitable for locating lowenergy exit channels from potential energy surface (PES) wells, without foreknowledge of the reaction products. 24 IPS methods have been successfully applied to both unimolecular and bimolecular reactions. 24, 25 The thermodynamics of 5-ATZ and 5-ITZ unimolecular decomposition pathways were subsequently obtained with standard quantum chemical methods. This study will show that the activation barriers predicted for the unimolecular decomposition pathways of 5-ATZ and 5-ITZ are in very reasonable agreement with previous experimental results.
Computational Methods
The specular reflection (SR) IPS algorithm developed by Irikura and Johnson 24 was used to qualitatively explore the PES of 5-ATZ and its tautomer 5-ITZ. In the SR-IPS algorithm, two arbitrary seed points are generated on the isopotential contour of interest. A third point is generated by bouncing the first point off the second point, specularly to the plane defined by the gradient of the energy with respect to the Cartesian nuclear coordinates. This is continued for as many steps as desired. The SR-IPS algorithm is described by eq 1, where x b i is the 3N-dimensional coordinate vector at point i and g b i is the gradient (with respect to Cartesian coordinates) of the energy at point i.
The SR-IPS runs were performed using Becke's 26 threeparameter hybrid exchange functional that included the nonlocal correlation functional of Lee et al., 27 denoted the B3LYP method. The all-electron 6-311+G(d,p) basis set was used for the B3LYP SR-IPS runs. Hence, the SR-IPS runs were performed on a B3LYP/6-311+G(d,p) PES. Generally, SR-IPS runs were performed with target isopotential hypersurface energies ranging between 325 and 450 kJ/mol above the minimum energy structure (energy tolerance set to (5 kJ/mol ) calculations were performed from each transition state to verify that it properly connected the desired reactants and products. Thermodynamic functions were calculated assuming a rigid rotor/harmonic oscillator approximation and unscaled vibrational frequencies.
To obtain more reliable reaction enthalpies (at 298.15 K) and activation barriers, single-point CCSD(T) energy calculations were performed on each stationary point. Dunning's correlation consistent aug-cc-pVTZ 31-33 basis set was used. The aug-ccpVTZ basis set is augmented with diffuse functions and includes 2d polarization functions on hydrogen atoms and 3d2f polarization functions on carbon and nitrogen atoms. The relative enthalpies shown in Schemes 1-7 correspond to the sum of the electronic and thermal energies, which include the vibrational zero-point energies, calculated with the CCSD(T)/aug-cc-pVTZ and B3LYP/6-311++G(3df,3pd) methods, respectively. Therefore, the relative enthalpies of 5-ATZ and 5-ITZ unimolecular decomposition pathways shown in Schemes 1-7 were computed using the CCSD(T)/aug-cc-pVTZ//B3LYP/6-311++G(3df,3pd) level of theory. 
Results and Discussion
for corresponding identification of their structural parameters listed in Tables 1-7 . As previously mentioned in the Introduction, Levchik et al. 1 found that the imino tautomer, 5-ITZ, initially undergoes thermal decomposition in a sample subjected to thermal treatment. As thermal treatment continues (i.e., temperature is increased), however, an increased proportion of the amino tautomer, 5-ATZ, accumulates and in turn undergoes thermal decomposition. Between 325 and 450 kJ/mol, SR-IPS runs did not reveal unimolecular tautomerism between 1H-5-ATZ and 5-ITZ. As this tautomerism had been shown to be important in the bulk phases, we additionally located the transition state and calculated the activation barrier corresponding to tautomerism between 1H-5-ATZ and 5-ITZ, which was found to be 243.4 kJ/mol at the CCSD(T)/aug-cc-pVTZ// B3LYP/6-311++G(3df,3pd) level of theory (1H-5-ATZ was found to be 47.7 kJ/mol more stable than 5-ITZ in the gas phase; see Table S3 in the Supporting Information). In this section, we will first discuss the unimolecular decomposition pathways of 5-ITZ, which will be followed by a discussion of the 1H-5-ATZ and 2H-5-ATZ unimolecular decomposition pathways.
Unimolecular Decomposition of 5-ITZ.
The unimolecular decomposition of 5-ITZ has not been previously investigated with quantum chemical methods, although Ivashkevich et al. 34 determined the structures of 5-ITZ at the semiempirical level of theory and found agreement with the experimental results of Nelson and Baglin. 16 To aid in determining the mechanism of 5-ITZ unimolecular decomposition, 80 SR-IPS runs were performed on isopotential hypersurfaces ranging between 325 and 450 kJ/mol. Of the 80 SR-IPS runs performed, 76 resulted in the unimolecular decomposition pathway shown in Scheme 1. The remaining four SR-IPS runs resulted in the unimolecular decomposition pathway depicted in Scheme 2. The unimolecular decomposition pathway shown in Scheme 1 involves simultaneous breaking of the N2-N3 and Overall, this unimolecular decomposition pathway of 5-ITZ is predicted to be endothermic (66.4 kJ/mol) with an activation barrier equal to 199.5 kJ/mol. The activation barrier predicted at the CCSD(T)/aug-cc-pVTZ//B3LYP/6-311++G(3df,3pd) level of theory is remarkably (or fortuitously) close to the experimentally estimated activation barrier of 200 kJ/mol for this thermal decomposition pathway.
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The unimolecular decomposition pathway of 5-ITZ depicted in Scheme 2 results in the formation of a metastable CH 3 N 3 (III) product and N 2 (IV). Additional SR-IPS runs on the metastable CH 3 N 3 (III) product indicate that it readily decomposes into hydrogen isocyanide (HNC) and trans-diazine (HNNH) (data not shown). The unimolecular decomposition pathway of 5-ITZ depicted in Scheme 2 involves simultaneous breaking of the N2-N3 and N4-N5 bonds. Tables 1 and 2 indicate that these bond distances of 5-ITZ increase from 1.356 and 1.366 Å to 2.356 and 1.689 Å, respectively, in the TS (II). Overall, this unimolecular decomposition pathway of 5-ITZ is predicted to be exothermic (-23.1 kJ/mol) with an activation barrier equal to 221.6 kJ/mol.
Several investigators have determined that the initial primary gaseous products measured in thermal decomposition experiments of 5-ITZ are HN 3 products (or the secondary decomposition products of CH 3 N 3 ). Nevertheless, the unimolecular decomposition pathway of 5-ITZ shown in Scheme 2 could be viable under conditions in which its larger activation barrier (compared to Scheme 1) is rapidly exceeded (e.g., very high heating rate).
Unimolecular Decomposition of 1H-5-ATZ and 2H-5-ATZ. Levchik et al.
1 argued that 1H-5-ATZ and 2H-5-ATZ prototropic tautomerism could occur in the melt phase. Thus, we performed SR-IPS runs for both the 1H-5-ATZ and 2H-5-ATZ tautomers of 5-ATZ (see Figure 1) . SR-IPS runs for 1H-5-ATZ revealed three unique unimolecular decomposition pathways leading to a variety of reaction products. These unimolecular decomposition pathways are shown in Schemes 3-5. The unimolecular decomposition pathway shown in Scheme 3 involves simultaneous breaking of the N2-N3 and C-N5 bonds. This particular unimolecular decomposition pathway of 1H-5-ATZ was recently investigated by Zhang et al., 23 and is also analogous to pathways for the synthesis of tetrazole studied by Cheng.
22 Table 3 indicates that these bond distances of 1H-5-ATZ increase from 1.360 and 1.345 Å to 2.096 and 1.917 Å, respectively, in the TS (II). These distances are in good agreement with those calculated by Zhang et al. 23 and Cheng 22 where both used the B3LYP method with a large basis set. The products of 1H-5-ATZ unimolecular decomposition, according to Scheme 3, are HN 3 (III) and NH 2 CN (IV). Overall, this unimolecular decomposition pathway of 1H-5-ATZ is predicted to be endothermic (101.3 kJ/mol) with an activation barrier equal to 205.3 kJ/mol. The reaction enthalpy and activation barrier predicted at the CCSD(T)/aug-cc-pVTZ// B3LYP/6-311++G(3df,3pd) level of theory are in good agreement with the theoretical study performed by Zhang et al., 23 although they used a smaller basis set.
Several SR-IPS runs of 1H-5-ATZ revealed the interesting unimolecular decomposition pathway shown in Scheme 4, which Table 4 ). In this TS (VI), the N 3 fragment abstracts a hydrogen atom from the NH 2 group and the final reaction products are HN 3 (VII) and NHCNH (VIII). Again, NHCNH (VIII) likely isomerizes into NH 2 CN. 1, 17 Ring opening for a series of tetrazole derivatives has been studied theoretically by Zhao-Xu and Heming. 19 The TS structure of the ring opening step was only reported for 5-chloro-tetrazole because the authors maintain that the TS geometries are sufficiently similar to justify this simplification. The fact that their analogous 5-chlorotetrazole TS structure has a N4-N5 bond distance of 2.072 Å (compared to our value of 2.064 Å for 1H-5-ATZ) and N2-N3-N4 angle of 134.7 (compared to our value of 135.1) lends this contention credence. Although not reported specifically within the tables, it is interesting to note that planarity of the tetrazole ring is maintained during the ring opening step, also in agreement with previous calculations.
It is interesting to note that the reaction enthalpies and overall activation barriers of Schemes 3 and 4 are predicted to be quite similar. Although Levchik et al. 1 showed that the thermal decomposition products of 5-ATZ (not 5-ITZ) are N 2 and metastable CH 3 N 3 , the unimolecular decomposition pathways shown in Schemes 3 and 4 could be viable under high heating rates (see discussion below). Under such conditions, the unimolecular decomposition pathways of 1H-5-ATZ shown in Schemes 3 and 4 would be competitive.
The Table 3 . Structural parameters of II and III are listed in Table 4 . Structural parameters of VI are listed in Table 2 . a Structural parameters of I are listed in Table 6 . Structural parameters of IV are listed in Table 2. in Schemes 4 and 5, 99.6 kJ/mol, is in remarkable agreement with Zhao-Xu and Heming's 19 predicted activation barrier of 99.5 kJ/mol at the B3LYP/6-31G(d) level of theory. In contrast to Scheme 4, however, the second TS (IV) of Scheme 5 involves breaking of the N2-N3 bond. Tables 4 and 5 indicate that the N2-N3 bond distance increases from 1.236 to 1.797 Å, while the N3-N4 bond distance decreases from 1.120 to 1.094 Å, in the TS (IV). The products of 1H-5-ATZ unimolecular decomposition, according to Scheme 5, are CH 3 N 3 (V) and N 2 (VI). Note that the metastable CH 3 N 3 product, from species IV to species V in Scheme 5, undergoes a barrierless rearrangement (NH 2 transfer to undercoordinated N atom).
The unimolecular decomposition pathway of 1H-5-ATZ shown in Scheme 5 is similar to the most favorable unimolecular decomposition pathway of 5-nitro-1H-tetrazole revealed by the AIMD simulations of Wang et al. 18 Wang et al. 18 reasoned that the formation of an open-ring intermediate of 5-nitro-1H-tetrazole, similar to species III in Scheme 5, represents the main unimolecular decomposition pathway leading to N 2 formation. It was additionally shown that bond breaking of the 5-nitro-1H-tetrazole ring could occur between the carbon and nitrogen atom not bonded to a hydrogen atom. As expected, however, the activation energy was predicted to be very high (305.8 kJ/ mol at the CCSD(T)/6-31G(d,p)//B3LYP/6-31G(d) level of theory). 18 Between 325 and 450 kJ/mol, SR-IPS runs did not reveal bond breaking between the C and N2 atoms of 1H-5-ATZ. Nevertheless, for completeness, calculations were performed to locate the transition state of this C-N2 bond breaking event, and the activation barrier was found to be 305.5 kJ/mol at the CCSD(T)/aug-cc-pVTZ//B3LYP/6-311++G(3df,3pd) level of theory.
In the gas phase, our calculations indicated that 2H-5-ATZ is 10.1 kJ/mol more stable than 1H-5-ATZ at the CCSD(T)/ aug-cc-pVTZ//B3LYP/6-311++G(3df,3pd) level of theory (see Table S3 in the Supporting Information), which is in accordance with previous theoretical results. Chen et al. 21 found the 2H-5-ATZ structure to be 15.1 kJ/mol lower in energy at the B3LYP/6-31+G(d) level of theory. Using the B3LYP/6-311++G(d,p) level of theory, Sadlej-Sosnowska 35 also calculated that 2H-5-ATZ is more stable than 1H-5-ATZ in the gas phase (15.1 kJ/mol, zero-point correction not applied). Moreover, Wong et al. 36 determined that 2H-tetrazole, compared to 1H-tetrazole, is the energetically preferred tautomer in the gas phase, using a variety of quantum chemical methods. For 2H-5-ATZ, we performed 60 SR-IPS runs on isopotential hypersurfaces ranging between 325 and 450 kJ/mol. Of the 60 SR-IPS runs performed, two resulted in the unimolecular decomposition pathway shown in Scheme 6. The remaining 58 SR-IPS runs resulted in the unimolecular decomposition pathway depicted in Scheme 7.
The unimolecular decomposition pathway shown in Scheme 6 involves simultaneous breaking of the C-N2 and N4-N5 bonds. Table 6 indicates that these bond distances of 2H-5-ATZ increase from 1.359 and 1.335 Å to 1.928 and 2.091 Å, respectively, in the TS (II). The products of 2H-5-ATZ unimolecular decomposition, according to Scheme 6, are HN 3 (III) and NH 2 CN (IV). Overall, this unimolecular decomposition pathway of 2H-5-ATZ is predicted to be endothermic (111.5 kJ/mol) with an activation barrier equal to 238.4 kJ/mol. Note that the reaction enthalpies and overall activation barriers of Schemes 3, 4, and 6 are predicted to be quite similar for 1H-5-ATZ and 2H-5-ATZ.
The unimolecular decomposition pathway shown in Scheme 7 involves simultaneous breaking of the C-N2 and N3-N4 bonds. Tables 6 and 7 indicate that these bond distances of 2H-5-ATZ increase from 1.359 and 1.311 Å to 1.760 and 2.005 Å, respectively, in the TS (II). The products of 2H-5-ATZ unimolecular decomposition, according to Scheme 7, are a metastable CH 3 N 3 (III) fragment and N 2 (IV). Overall, this unimolecular decomposition pathway of 2H-5-ATZ is predicted to be endothermic (66.7 kJ/mol) with an activation barrier equal to 153.7 kJ/mol.
According to Levchik et al., 1 the initial gaseous products of 5-ATZ (not 5-ITZ) thermal decomposition are primarily N 2 and metastable CH 3 N 3 . Furthermore, Lesnikovich et al.
14 estimated that the apparent activation energy for this process is approximately 150 kJ/mol. At the CCSD(T)/aug-cc-pVTZ//B3LYP/ 6-311++G(3df,3pd) level of theory, our predicted activation barriers for Schemes 5 and 7 are equal to 169.2 and 153.7 kJ/ mol, respectively, which are in very reasonable agreement with those of Lesnikovich et al.
14 Most importantly, the predicted activation barriers for Schemes 5 and 7 are significantly lower than the activation barriers predicted for Schemes 3, 4, and 6 (205.3, 212.1, and 238.4 kJ/mol, respectively). Therefore, in agreement with our theoretical results, the unimolecular decomposition products of Schemes 5 and 7 (N 2 and metastable CH 3 N 3 ) would be initially detected in a thermal decomposition experiment with reasonable heating rates (e.g., Levchik et al. 1 ).
Conclusions
The unimolecular decomposition of 5-ATZ and its tautomer 5-ITZ were investigated at the CCSD(T)/aug-cc-pVTZ//B3LYP/ 6-311++G(3df,3pd) level of theory. For 5-ATZ, the unimolecular decomposition of both 1H-5-ATZ and 2H-5-ATZ were investigated. As the principal focus of this study dealt with unimolecular decomposition, and not the interconversion between these tautomers, is it merely noted that the relative energetics of 1H-and 2H-5-ATZ and 5-ITZ were in accordance with previous theoretical work. The SR-IPS algorithm was used to reveal the various unimolecular decomposition pathways. Some of these pathways had been investigated previously within the literature, while others are presented here for the first time. The energetics and structures within the unimolecular decomposition pathways presented here agree well with previous theoretical results performed within the family of C-substituted tetrazoles. Subsequent thermodynamic analysis of the relative activation barrier energies revealed that 5-ITZ and 5-ATZ unimolecular decomposition initially results in HN 3 and NH-CNH (which isomerizes into NH 2 CN) reaction products and N 2 and CH 3 N 3 reaction products, respectively. Our theoretical gasphase results are in excellent qualitative agreement with previous experimental studies describing the thermal decomposition of solid-state 5-ATZ and 5-ITZ under increasing temperature. An extended theoretical analysis of these reactions including the role of bulk-phase interactions is warranted and is left to future work. The energetics of the various unimolecular decomposition pathways are found to vary significantly according to the protonation state of the reactant. Therefore, we strongly encourage the use of IPS algorithms to effectively identify reasonable unimolecular decomposition reactions without foreknowledge of their reaction products.
